Abstract Circular RNAs (circRNAs) are a class of long noncoding RNAs that are characterized by the presence of covalently linked ends and have been found in all life kingdoms. Exciting studies in regulatory roles of circRNAs are emerging. Here, we summarize classification, characteristics, biogenesis, and regulatory functions of circRNAs. CircRNAs are found to be preferentially expressed along neural genes and in neural tissues. We thus highlight the association of circRNA dysregulation with neurodegenerative diseases such as Alzheimer's disease. Investigation of regulatory role of circRNAs will shed novel light in gene expression mechanisms during development and under disease conditions and may identify circRNAs as new biomarkers for aging and neurodegenerative disorders.
Broad Diversity of circRNAs
Circular RNAs (circRNAs) are a class of long noncoding RNAs (lncRNAs) characterized by the presence of covalently linked ends produced in a noncanonical splicing event called Bback-splicing^ [1] [2] [3] . CircRNAs can arise from coding and noncoding exons, introns (including intron lariats), or from both exons and introns [4] [5] [6] . They also can be derived from 3′ and 5′ untranslated regions (UTRs), intergenic sequences, pseudogenes, and from long intergenic noncoding RNAs [4, 7] . Here, we summarize the most studied subclasses of circRNAs ( Fig. 1 ).
Exonic circRNAs
This category includes all circRNAs that are exclusively composed of exon(s) joined together with the classical 3′-5′ covalent carbon link (Fig. 1) . Currently, exonic circRNAs (ecircRNAs) represent the largest class of circRNAs found in animals as well as in plants [4, [8] [9] [10] [11] . In a genome-wide analysis, at least 5923 of 7112 total circRNAs (83 %) were found overlapping with protein-coding regions [4] . Most ecircRNAs span less than five exons, and the length of ecircRNAs can range from hundreds to thousands nucleotides (nt) with an average estimated length of about 547 nt [4, 11] . Several studies reveal cytoplasmic location of ecircRNAs and their high stability in cells [3] . Some ecircRNAs can interact with microRNAs (miRNAs) and/or RNA-binding proteins (RBPs), and many of them encircle the second exon that contains the canonical translation start codon [3, [13] [14] [15] . These findings suggest the potential regulatory role of ecircRNAs in gene expression regulation and translation.
Intronic circRNAs
This subclass includes all circRNAs that are derived only from introns (including intron lariats; Fig. 1 ). They represent a small fraction of circRNAs, of which only 19.2 % found in humans [7] and a very low fraction in plants [10] . Unlike ecircRNAs, intronic circRNAs (ciRNAs) have 2′-5′ head-tail link joint and different features in terms of stability, subcellular localization, abundance, conservation, and functions. CiRNAs display nuclear localization and less conserved sequence than ecircRNAs, and many ciRNAs are exclusive in human cells [5] . Moreover, ciRNAs appear to be less regulated, and their expression is positively correlated with the expression of their parental messenger RNAs (mRNAs) [5] . ciRNAs can be associated with the RNA polymerase II (Pol II) complex and can increase expression of their parental genes. These studies support the idea that ciRNAs are not simple by-products of splicing, and they may play different, but important roles compared to the ecircRNAs.
Exon-Intron circRNA
Recently, a new subclass of circRNAs, in which the intron is retained between exons, was identified ( Fig. 1) [6] . A study has shown that a fraction (∼20 %) of ecircRNAs can retain introns [4] . The intron retention between exons makes this subclass unique, even though they share some features with both ecircRNAs and ciRNAs. Similar to ecircRNAs, exonintron circRNAs (EIciRNAs) have reverse complementary sequences in long flanking introns, suggesting the existence of a common mechanism for their biogenesis. Like ciRNAs, EIciRNAs are predominantly in the nucleus and have been shown to be associated with Pol II to promote the transcription of their parental genes in cis through interaction with U1 small nuclear ribonucleoprotein (snRNP) [6] .
Characteristics of circRNAs
The most important feature of circRNAs is their characteristic circular structure, which is associated with their important functions in cells [12] . Firstly, the lack of free terminals allows circRNAs to avoid exonucleolytic degradation by RNase R or/and RNA exonuclease, making them stable in cells up to 48 h [3] . Secondly, circRNAs are used as a template in an enzymatic process known as Brolling circle amplification (RCA),^which is important for hepatitis delta virus (HDV) and viroid replication models [16, 17] . It has been recently demonstrated that exogenous circRNAs are efficiently translated into functional proteins by RCA mechanism in living human cells [18] . Finally, circularization provides a means for increasing RNA structural stability and gaining potential evolutionary advantage, for example, in thermophilus organisms [19] . A recent work revealed that circularization is essential for restoring signal recognition particles (a universal ribonucleoprotein complex), a functionality in Thermoproteus tenax [20] .
CircRNAs are ancient and well-conserved RNA isoforms found in all life kingdoms. Detection of circRNAs with similar structural features in protist, fungi, and plants, traced back these molecules to more than one billion years ago, indicates their important and conserved function retained during evolution [19, 21] . Moreover, several studies have shown that many circRNAs display sequence conservation across species. For example, Rybak-Wolf et al. found that about 28 % (4522 out of 15,849) of circRNAs in mouse are conserved in human Fig. 1 Three major subclasses of circRNAs. Exonic circRNAs (ecircRNAs) consist of only exon(s) (usually less than 5) and represent the most important group of circRNA class. EcircRNAs have cytoplasmatic location and may regulate microRNA and protein functions. Exon-intron circRNAs (EIciRNAs) are composed of at least two exons and one retained intron. EIciRNAs have nuclear localization and have been found to be able to regulate gene transcription in cis and probably also in trans. Intronic circRNAs (ciRNAs) are derived from intron lariats and are accumulated in the nucleus in which regulate gene transcription in cis [22] . Interestingly, they also found conservation in the expression patterns of neural circRNAs [22] . Furthermore, homology analysis of sequences among three different Drosophila species revealed that circularization among evolutionary divergent species is broadly conserved, and some fly brain circRNAs also have been found expressed in mammalian brains [22, 23] .
CircRNAs are usually found expressed at low levels [2, 4, 24] and represent a low fraction of transcriptome (0.2-1 %), suggesting that the majority of circRNAs could be inert transcriptome by-products [4] . However, Jeck et al. found that at least 50 genes in which circular forms are likely more abundant than their linear analogies, and Rybak-Wolf et al. found that almost a hundred of circRNAs, detected in the human and mouse brain, are expressed much higher than their linear cognates [8, 22] . Moreover, some circRNAs are found to be expressed in a tissue-and cell-specific pattern, and many factors such as aging, developmental stage, stress condition, synaptic activities, Alzheimer's disease (AD), and tumors can lead to significant changes in circRNA abundance, which is often uncoupled from the linear RNA counterparts [10, 23, [25] [26] [27] [28] [29] . These studies suggest that many circRNAs may have an important role in physiological and pathological conditions and support the hypothesis that circRNAs have their own specific function.
Biogenesis of circRNAs
The majority of circRNAs derived from a precursor mRNA (pre-mRNA) and the process of its formation is called Bbacksplicing,^also known as Bhead to tail junction.^Since the canonical GT-AG splicing sites are typically required for circularization, the spliceosome machinery has been implicated in circRNA biogenesis [15, [30] [31] [32] . In addition, using the specific splicing inhibitor isoginkgetin, Starke et al. found a significant reduction of the circRNA level [32] . However, how exactly the spliceosome acts to produce circRNAs and how it may be able to discriminate between linear splicing and back-splicing is unclear.
CircRNA biogenesis appears to be initiated when the two putative splicing sites are brought into close proximity and facilitate the back-splicing events. Complementary repeats in flanking introns, which are positively correlated with the biogenesis of many circRNAs, may work through base pairing for the juxtaposition of the putative splicing sites [33, 34] . Likewise, RBPs involved in alternative splicing such as quaking I and muscleblind may bind specific sequence in flanking introns and promote the biogenesis of some circRNAs through this mechanism [15, 28] .
The question whether circRNAs are co-or posttranscriptional products remains controversial [15, 35, 36] . A recent study in Drosophila suggests that both mechanisms exist, depending on the length of flanking repeats in bracketing introns. In particular, long repeats promote co-transcriptional circularization (400 nt), while short repeats (<40 nt) promote post-transcriptional circularization [37] . Here, we summarize the biogenesis mechanisms proposed for different subclasses of circRNAs.
Formation of ecircRNAs and EIciRNAs
Studies have shown that exon circularization involves the 3′ tail of a downstream exon (known as splice acceptor), joining with the 5′ head of an upstream exon (known as splice donor). Long exons tend to be more susceptible for circularization, especially in the case that ecircRNAs contain a single exon [30, 33, 35] . Moreover, many ecircRNAs or EIciRNAs can arise from the same gene locus with a mechanism named Balternative circularization^ [6, 33] . Currently, the following two mechanisms involved in back-splicing are proposed: Bdirect back-splicing^and Bexon skipping^ [38] . Direct back-splicing involves the following two pathways: Bintron-pairing-driven circularization^and BRBP-pairingdriven circularization^that depends on sequence-specific RNA-binding proteins [39] . Moreover, these two pathways may work in concert to ensure an appropriate production of circRNAs and fine-tune the ratio between linear and circular transcripts [37] . The second mechanism involves the exonskipping model and is known as Blariat-driven circularization^ [40, 41] . A recent study using computational analysis of a RNA-sequencing (RNA-seq) dataset demonstrates that exon circularization is well correlated with exon skipping [40] , suggesting that both mechanisms might be equally important.
Direct Back-Splicing
Direct back-splicing is independent on exon skipping, and both cis-acting factors and/or trans-acting factors are required in order to accost the exon splicing sites together and facilitate back-splicing. Cis-acting factors such as reverse complementary sequence in flanking introns (as Alu or not Alu elements), which form stable base pairs, are critical to enhance circRNA biogenesis [8, 31, [33] [34] [35] (Fig. 2) . Many circRNAs seem not to be able to form strong intron base pairing (62 and 91 % in C elegans and humans, respectively) [34] . Moreover, Westholm et al. showed lack of nucleotide motif for intron pairing in many gene loci that produce abundant circRNAs in a genome-wide analysis in Drosophila [23] . These studies suggest that intron pairingdriving circularization mechanism alone is unlikely a widespread mechanism for circularization. In addition, studies have shown that the length of flanking introns seems to be a critical factor for back-splicing [8, 23, 31, 34] . However, Starke et al. were able to detect circRNAs in human cells using a minigene expression vector, in which engineered flanking introns are considerably shortened and have no motif to form base pairing [32] . Taken together, it appears that reverse complementary sequence or long flanking exon is important factors for promoting back-splicing.
The deposition of sequence specific RBPs are also required to circRNA biogenesis [15, 28] . Both RBP quaking I (QKI) and muscleblind (MBL) have been found to be able to facilitate circRNA biogenesis, since the knockdown of QKI and the overexpression of MBL can in turn decrease or increase circRNA production, respectively. This Bsequence-specific^protein requires a specific (MBL/QKI) binding site within flanking introns for promoting circularization. Thus, they may regulate circRNA biogenesis only in the case in which these motifs are present [15, 28] . Conversely, the double-strand RNA-editing enzyme ADAR1 (ADAR1) can negatively regulate circRNA biogenesis [22, 34] . The role of ADAR1 may involve its editing activity, in which adenosine-to-inosine editing in flanking intron repeats could interfere with the strength of base-pair formation [34] . The circRNA biogenesis mediated by RBPs is in agreement with the idea that many circRNAs are regulated independently during development or in a cell-type specific manner [15, 27, 39] .
Together, these studies suggest that circRNA biogenesis may depend on different factors that likely work in concert to regulate back-splicing outcomes. Moreover, different circRNAs can be regulated with different mechanisms, and their production in cells seems to be more complicated than previously appreciated.
Exon Skipping
Exon skipping is a common type of alternative splicing with a well-established impact in mRNA formation [42] . However, a recent study suggests that exon skipping may also have a pivotal role in ecircRNA biogenesis [40, 41] . During exon skipping, a big lariat containing the exon(s) is produced. Then, this lariat undergoes internal splicing in order to remove the intron and generate the ecircRNA or EIciRNA (Fig. 3 ) [38] . The RNA-seq dataset analysis has shown that the largest part (if not all) of skipped exon(s) is able to produce ecircRNAs in human endothelial cells stimulated with tumor growth factor-ß or tumor necrosis factor-α [40] . Moreover, a recent study has found that a lariat-containing exon production (probably from exon skipping) is a very common step in ecircRNA biogenesis of Schizosaccharomyces pombe [41] . More studies are required to test whether the circularization proceeds only by intrinsic features of the lariat-containing exon(s) or whether other factors such as RBPs may be involved.
Formation of ciRNAs
ciRNA and/or intron lariat can somehow escape debranching and accumulate in cells after eukaryotic spliceosomal activity. The process of ciRNA formation depends on a consensus motif near the 5′ splice site that contains 7-nt GU-rich motifs and 11-nt C-rich element near the branch point site. Moreover, their formation can be recapitulated with expression vectors [5] . The intronic circularization requires the release of the 3′ exon by spliceosomal activity, and then, the intron terminal Fig. 2 Direct back-splicing model of circRNA formation. CircRNAs are derived from precursor mRNA, and the backsplicing reaction is catalyzed by the spliceosome. Reverse complementary sequence, such as Alu or not Alu elements, and RNA-binding proteins (RBPs), such as quaking I (QKI) and muscleblind (MBL), might work in a combinatorial manner to bring the splicing sites into close proximity and facilitate backsplicing reaction. Long flanking introns might facilitate backsplicing by inducing structural flexibility. Finally, the intervening intron is removed or retained to generate ecircRNA or EIciRNA group OH-2′ attacks the 5′ intron-exon junction to form the 2′-5′ ciRNA [38] (Fig. 4) . As discussed above, the consensus motif necessary for ciRNA processing could be essential to escape debranching [5] . However, how this key motif works to avoid debranching and whether other elements are involved in such process is still not clear.
The Regulatory Role of circRNAs
CircRNAs have been perceived for decades as splicing errors, and only recently, their potential role as major gene regulators is becoming appreciated. Dozens of recent studies have revealed that circRNAs are involved in a wide range of life processes as well as in many human pathologies. It has been suggested that their regulatory roles pass through all steps of gene regulation, ranging from mRNA transcription and splicing to RNA decoy and translation. Although functions of a few circRNAs have been demonstrated, the full aspect of functions for these molecules is still unclear.
CircRNAs Modulate miRNA Function miRNAs are small noncoding RNAs (20-22 nt), which negatively modulate the stability and translation of many target mRNAs containing miRNA response elements (MREs) [43] . Although miRNAs are powerful negative regulators for most mRNAs, many of mRNAs are actively translated, suggesting the existence of mechanisms counteracting miRNA-silencing regulation [44] . A genome-wide analysis has revealed that thousands of mammalian circRNAs harbor MREs, suggesting a potential role as competitive endogenous RNAs (ceRNAs) Fig. 4 Model of intronic circRNA (ciRNA) formation. The process of ciRNA formation depends on a consensus motif near the 5′ splice site that contains 7-nt GU-rich motifs and 11-nt Crich element near to the branch point site. Introns are excised during precursor mRNA processing. Intronic circularization requires the release of the 3′ exon, leaving the 2-OH terminal group free. The intron terminal group then attacks the 5′ intron-exon junction, resulting in 2′-5′ loop formation. The consensus motifs assist escape of debranching induced by the debranching enzyme. The intron lariat is finally cleaved by the exonucleolytic enzyme to form ciRNA Fig. 3 Exon-skipping model of circRNA formation. During exon skipping, a linear mRNA and a skipped exon(s) are formed. The skipped exon(s) then generate a big lariat intermediate, which undergoes internal splicing by inducing the juxtaposition of the putative splice sites and in turn produces ecircRNA or EIciRNA [45] . Moreover, many circRNAs in flies contain conserved miRNA seed sites, and some of them host more than 1000 miRNA-binding elements [23] .
Recent two studies by Hansen et al. and Memczak et al. demonstrated that circular CDR1 antisense, also known as ciRS-7 (circular RNA sponge for miRNA-7), can function as a powerful BmiRNA sponge^ [13, 14] . In particular, ciRS-7 has been found contain more than 70 putative binding sites for miRNA-7 (miR-7) and can bind miR-7 without being degradated [13] . Moreover, its stability, abundance, and cytoplasmatic enrichment make it able to decrease the availability of miR-7 to inhibit its target mRNAs.
ciRS-7 is suggested to form a complex with argonaute protein (AGO; the catalytic core of RNA induces silence complex) in a miR-7-dependent manner in order to regulate miRNA (Fig. 5) . Hence, ciRS-7 can function as a platform for binding miR-7 and AGO and allowing miR-7 degradation. Coherently, knockdown of ciRS-7 decreases the expression of miR-7 target genes, while its overexpression is able to prevent the downregulation of miR-7 targets [13] .
Moreover, ectopic expression of ciRS-7 results in abnormal midbrain development in zebrafish, suggesting important function in the developmental brain [14] . In a postmortem brain study, it has been shown a dysregulation in miR-7/ ciRS-7 system in a sporadic form of AD [25] . Furthermore, as miR-7 regulates the expression of many oncogenes, miR-7/ ciRS-7 system may have an important role in cancer formation and progression [46] . Recently, Xu et al. provided evidence for a role of ciRS-7 in pancreatic islet cells. They found that the reduction of insulin content and secretion in a diabetic mouse model, in which miR-7 overexpression causes the pathology, can be reverted by overexpressing ciRS-7, suggesting a potential role of ciRS-7 as a therapeutic target in diabetes [47] .
Besides ciRS-7, only a few circRNAs can function efficiently as miRNA sponges, for example, circular SRY that harbors 16 binding sites for miR-138 in mice but only 1 in human [13] . Moreover, it has been shown that circular ITCH harbors many binding sites for different miRNAs (including miR-7, miR-17, and miR-214) to titrate miRNAs and allow the transcription of ITCH linear cognate [48] . Circular HIPK3, derived from exon 2 of the HIPK3 gene, has 18 putative binding sites for 9 different miRNAs and is able to regulate cell growth by functioning as a sponge for multiple miRNAs [49] .
Taken together, these findings suggest that some mammalian circRNAs contain MREs and can act as endogenous sponges for miRNAs.
CircRNAs Regulate Protein Production
The evidence that circRNAs interact with Pol II and AGO proteins raise the possibility that they also can function as protein regulators and might work to localize, sort, and store RBPs [3] . It has been shown that the circular Mbl (circMbl) has conserved MBL binding sites and can bind MBL, while MBL can in turn regulate the formation of circMbl, suggesting Fig. 5 Mechanism of the role of circular RNA sponge for miRNA-7 (ciRS-7). a ciRS-7 contains over 70 miR-7 target sites and is capable to form a complex with argonaute (AGO) protein in a miR-7-dependent manner. b Target genes of miR-7 is transcribed and silenced by miR-7. ciRS-7, which is localized in the cytoplasm, can function as miR-7 sponge to block miR-7-silencing activity and release miR-7 inhibition to its target genes an existence of a sophisticated autoregulatory mechanism to fine-tune the production and availability of the protein [15] . Moreover, the circRNA circ-Foxo3 has been found to regulate the cell cycle progression by binding CDK2 and P21 proteins, resulting in the formation of a ternary complex that inhibits cell cycle progression and cell proliferation [50] .
CircRNAs Regulate Gene Transcription
Despite the fact that most circRNAs are cytoplasmatic, some circular isoforms can be detected also in the nucleus. Zhang et al. described a role for nuclear intronic circRNAs (ciankrd52, ci-mcm5, and ci-sirt7), which accumulate in the nucleus and do not exhibit enrichment of MREs [5] . Knockdown of the most abundant ciRNA ci-ankrd52 caused a significant downregulation of the linear mRNA ankrd52, but had no effects on upstream or downstream genes, suggesting that ciRNAs act in cis and can only regulate the expression of their parental genes [5] . Finally, they found an interaction between ciRNAs and the elongation complex of Pol II, suggesting a potential mechanism of these ciRNAs in regulating gene transcription [5] .
Another mechanism of circRNA regulation of gene transcription involves a direct and stable interaction with the U1 snRNP [36] . In EIciRNAs, the retained intron has one putative U1 snRNP binding site. A multiple interaction among EIciRNAs, U1 snRNP, Pol II, and the promoter of the host genes has been detected using the RNA-DNA double fluorescence in situ hybridization [6] . It appears that although many circRNAs may interfere and/or compete with their linear mRNA cognate formation [15] , once EIciRNAs are produced, they can induce a positive feedback that enhances their own expression and the expression of their linear counterpart as well [6] .
Other Putative Function of circRNAs
The fact that most circRNAs are derived from protein-coding sequences, carry open reading frames (ORFs), and are located in the cytoplasm raises the question that some of them might be able to translate into proteins. It has been suggested that translation can proceed on circRNAs that possess internal ribosome entry sites (IRESs) [51] . An engineered circRNAcontaining IRES has been shown to produce functional proteins in transfected cells [31] . A recent study has shown that circRNAs can be translated into proteins even without IRES and other any particular sequence required for canonical translation (a cap structure and poly-A tail) [18] . However, even though exogenous circRNAs can undergo translation, there is still no evidence of translation from endogenous circRNAs [4, 8, 27, 52] .
Some ecircRNAs have been shown to have the translation start codon in their sequence [4] . Having the translation start codon in an ecircRNA may leave the linear transcript unable to produce protein, resulting in a downregulation of the final product. This regulation, named BmRNA traps,^suggests that the inclusion of the start codon into the circle is likely to function as traps to control translation rather than to produce canonical proteins from circRNAs [53] . It has been shown that 34 % of the single circular exon contain the start codon in human fibroblasts, suggesting a widespread role of circRNAs as mRNA traps [3] .
CircRNAs in the Brain
The evidence that circRNAs are preferentially expressed from neural genes and are accumulated in neural tissues during aging has attracted attention in the neuroscience field [15, 23] . Sequencing analyses of differentiated neuronal cell lines and dissected brain tissues revealed that thousands of circRNAs are highly expressed in the mammalian brain, developmentally regulated, conserved between rodents and humans, and enriched in synaptic fractions in neurons more than their linear counterparts [22, 27] . Rybak-Wolf et al. found that a large part of circRNAs is upregulated during neuronal differentiation and many of them derived from host genes playing major roles in neuronal functions [22] . Moreover, You et al. found an enrichment of circRNAs with a prevalent fraction being derived from genes encoding for synaptic proteins in brain samples and confirmed synaptic localization of circRNAs using a high-resolution RNA in situ hybridization technique [27] . The presence of many circRNAs in synapses suggests that they might be selectively positioned to respond to synaptic activity and might serve as keeper molecules of cellular memory, due to their long-lived nature.
Furthermore, Veno et al. provided a detailed profile of circRNA landscape during the course of porcine embryonic brain development and found that thousands of circRNAs display spatio-temporal expression pattern, with the maximal expression amount and complexity from embryonic day 48 to day 60, which corresponds to the period of major neurogenesis [26] . Szabo et al. found hundreds of genes in which circular isoforms exceed linear counterparts in human fetal tissues [30] . Functional studies of circRNAs expressed in the brain should provide new insights into their roles in brain development and neurogenesis.
CircRNAs and Neurological Disorders
CircRNAs have been found associated with many neurological diseases such as AD, Parkinson's disease, multiple sclerosis, and schizophrenia [25, 54] . For example, ciRS-7 that regulates miR-7 availability has been proposed to be associated with neurological disorders [55] . Studies have shown that miR-7 is highly expressed in cortical neuronal progenitors, and the silencing of miR-7 using miRNA sponges causes microcephaly-like brain defects [56] . Likewise, it has been shown that ectopic expression of human ciRS-7 in zebrafish impairs midbrain development in a similar manner to the effect induced by miR-7 knockdown [14] . Dysregulation of miR7-ciRS-7 interaction has been found in the hippocampus of AD patients [25] . Ubiquitin protein ligase A (UBE2A) is an autophagic, phagocytic protein that is essential for the clearance of AD-amyloid peptides and also is a miR-7 target gene. UBE2A has been found downregulated in AD, likely due to depletion of ciRS-7 sponge activity on miR-7 expression [25] .
Moreover, a genome-wide association study has shown a link among circRNAs with single-nucleotide polymorphisms and neurological diseases [54] . Alpha-synuclein, whose overexpression is associated with development of Parkinson's disease, is a target gene of miR-7. miR-7-ciRS-7 interaction might be involved in Parkinson's disease [54] . Szabo et al. showed that several circRNAs are derived from the gene loci that have genetic links to abnormal neurodevelopmental phenotypes, such as FBXW7, DOPEY2, and RMST [30] .
In addition, a cytoplasmic accumulation of RBP TDP-43 has been found in some forms of sporadic amyotrophic lateral sclerosis (ALS). Armakola et al. found that cytoplasmatic increase of intron lariats, due to knockdown of debranching enzyme 1 activity, is effective for suppressing TDP-43 toxicity in the human neuronal cell line and primary rat neurons, suggesting possibility of using circRNAs as a potential therapeutic means for ALS [57] . Finally, some differentially expressed circRNAs were found in peripheral blood mononuclear cells of patients with major depressive disorder (MDD). hsa_circRNA_103636, which is downregulated in MDD patients compared to healthy controls, is significantly altered after 8 weeks of antidepressant regimens [58] . These results suggest that hsa_circRNA_103636 could be a novel potential biomarker for the diagnosis and treatment of MDD.
Perspectives
The fast advance in next-generation RNA sequencing, coupled with biochemical enrichment strategies, has allowed the discovery of thousands of circRNAs and of a new layer of gene expression regulation. While studies in circRNAs are becoming a new frontier, there are still more questions than answers on these intriguing noncoding RNA molecules. In particular, little is known about how and when circRNAs are produced and regulated by cis-regulatory elements and transacting factors in different tissues and under physiological/ pathological conditions. Although roles of a few circRNAs have been described, understanding functions of thousands of circRNAs remains a challenge, for example, the biological function of dynamic spatio-temporal expression and subcellular localization of circRNAs in the brain.
Moreover, how circRNAs are degraded in cells also is an important question to be addressed. The stability and specific expression of many circRNAs make them ideal candidates as biomarkers for aging and neurodegenerative diseases. Dysregulation of circRNAs may play a crucial role in many neurodegenerative diseases. Better understanding of molecular mechanisms of circRNAs in disease progression will help in developing circRNA-based diagnostic tools and therapeutic strategies for abnormal aging and neurodegenerative diseases such as AD.
